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ABSTRACT
Survival of juvenile salmonids in the 
Sacramento–San Joaquin Delta (Delta) varies 
by migration route, and thus the proportion of 
fish that use each route affects overall survival 
through the Delta. Understanding factors that 
drive routing at channel junctions along the 
Sacramento River is therefore critical to devising 
management strategies that maximize survival. 
Here, we examine entrainment of acoustically 
tagged juvenile Chinook Salmon into Sutter and 
Steamboat sloughs from the Sacramento River. 
Because these sloughs divert fish away from 
the downstream entrances of the Delta Cross 
Channel and Georgiana Slough (where fish access 
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the low-survival region of the interior Delta), 
management actions to increase fish entrainment 
into Sutter and Steamboat sloughs are being 
investigated to increase through-Delta survival. 
Previous studies suggest that fish generally “go 
with the flow”—as net flow into a divergence 
increases, the proportion of fish that enter that 
divergence correspondingly increases. However, 
complex tidal hydrodynamics at sub-daily 
time-scales may be decoupled from net flow. 
Therefore, we modeled routing of acoustic tagged 
juvenile salmon as a function of tidally varying 
hydrodynamic data, which was collected using 
temporary gaging stations deployed between 
March and May of 2014. Our results indicate that 
discharge, the proportion of flow that entered 
the slough, and the rate of change of flow were 
good predictors of an individual’s probability 
of being entrained. In addition, interactions 
between discharge and the proportion of flow 
revealed a non-linear relationship between flow 
and entrainment probability. We found that 
the highest proportions of fish are likely to be 
entrained into Steamboat Slough and Sutter 
Slough on the ascending and descending limbs 
of the tidal cycle, when flow changes from 
positive to negative. Our findings characterize 
how patterns of entrainment vary with tidal flow 
fluctuations, providing information critical for 
understanding the potential effect of management 
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actions (e.g., fish guidance structures) to modify 
routing probabilities at this location. 

KEY WORDS
Telemetry, juvenile salmon, migration routing, 
survival

INTRODUCTION
The Sacramento–San Joaquin River Delta 
(hereafter referred to as “the Delta”) is a complex 
series of channels and embayments in west 
central California of the United States. The Delta 
has undergone drastic transformation through 
construction of dikes, levees, reclaimed land, 
dredged canals and cuts, and water export projects 
(Nichols et al. 1986). The loss of habitat coupled 
with introduction of non-native piscivorous fishes 
has led to the decline of several salmonid stocks 
that utilize the Delta (Lindley 2009; National 
Marine Fisheries Service 2014). The physical 
complexity of the Delta poses significant challenges 
for understanding how juvenile salmon negotiate 
the complex channel network and survive in 
different migration routes. Yet such information is 
critical for understanding how water-management 
actions, such as operation of water diversions, 
influence survival of juvenile salmon.

Through-Delta survival of juvenile Chinook 
Salmon that emigrate from the Sacramento River 
ranges from 10% to 80%, depending on river flow 
and migration route (Perry et al. 2018). The Delta 
can be broken down into four primary routes: 
(1) Sacramento River, (2) Steamboat and Sutter 
sloughs, (3) Georgiana Slough, and (4) Delta Cross 
Channel (DCC). Fish that remain in the Sacramento 
River consistently have the highest survival (Perry 
et al. 2010, 2013, 2018). However, fish that enter 
the interior Delta—the region to the south of the 
Sacramento River (Figure 1)—have the lowest 
survival among all routes and survive at less 
than half the rate of fish in the Sacramento River, 
likely as a result of longer migration times and 
exposure to non-native predators (Newman and 
Brandes 2010; Perry et al. 2018). On average, fish 
that migrate through Steamboat and Sutter sloughs 
exhibit survival similar to fish that remain in the 

Sacramento River at high flows but have lower 
survival at low flows (Perry et al. 2018). 

Because of differences in survival among 
migration routes, the proportion of fish that 
use each route affects the total survival of the 
population. Therefore, understanding the drivers 
behind fish routing in the Delta is imperative 
to inform management actions that help in the 
recovery of imperiled salmonid populations in the 
Central Valley. For example, Perry et al. (2013) 
found that total survival through the Delta could 
be increased by up to 7 percentage points by 
eliminating entrainment into Georgiana Slough 
and the DCC. These findings led to investigation 
of management actions to reduce entrainment 
into the DCC (Plumb et al. 2016) and Georgiana 
Slough (Perry et al. 2014). 

Both physical and non-physical barriers have 
been tested at the entrance to Georgiana 
Slough divergence (Perry et al. 2014; Romine 
et al. 2016). A non-physical barrier was able 
to reduce entrainment to the interior Delta 
through Georgiana Slough (Perry et al. 2014), 
but a floating fish-guidance structure reduced 
entrainment to a lesser extent (Romine et al. 
2016). Research and engineering solutions 
to minimize entrainment have focused on 
the Georgiana Slough divergence, the DCC 
divergence, and the Old River divergence in the 
San Joaquin River (Buchanan et al. 2013; SJRG 
2013). However, there has been little focus on 
understanding fish routing dynamics at other 
primary river junctions in the Delta, such as 
Sutter and Steamboat sloughs. 

Sutter and Steamboat sloughs diverge from the 
Sacramento about 10 km upstream from the DCC 
and Georgiana slough, and represent the first 
major junction that juvenile salmon encounter as 
they enter the Delta from the Sacramento River 
(Figure 1). Because Sutter and Steamboat sloughs 
are upstream of the entrance to the interior Delta 
via the DCC and Georgiana Slough (Figure 1), 
juvenile salmon that enter Sutter and Steamboat 
sloughs avoid entrainment into the interior Delta 
where survival is low. Thus, management actions 
to increase entrainment could increase overall 
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survival by reducing the proportion of fish that 
enter the interior Delta. However, analytical work 
by Perry et al. (2013) revealed that the sensitivity 
of overall survival to entrainment into Sutter 
and Steamboat sloughs depended not only on 
the proportion of fish that entered these routes 
but also on the difference in survival between 
alternative routes. Based on these findings, Sutter 
and Steamboat sloughs have received increasing 
attention by water management agencies as a 
potential location where fish-guidance solutions 
could be applied to increase survival of juvenile 
salmonids that migrate through the Delta. 
Although past work has estimated that 20% 
to 40% of juvenile salmon enter Sutter and 
Steamboat sloughs (Perry et al. 2013, 2018), there 
is little understanding about the effect of fine-
scale tidal hydrodynamics on routing, which can 
influence the efficacy of management actions to 
modify routing (e.g., Perry et al. 2014, 2015). 

In this paper, we examine juvenile salmonid 
entrainment into Sutter Slough and Steamboat 
Slough using data from a large telemetry study 
conducted during the spring of 2014, which had 
the primary objective of evaluating a floating 
fish-guidance structure at Georgiana Slough 
(Romine et al. 2016). During this study, the US 
Geological Survey (USGS) deployed temporary 
gauging stations to measure discharge of the 
Sacramento River in the vicinity of Sutter and 
Steamboat sloughs. The availability of these flow 
data in 2014 provided a rare opportunity to better 
understand how the routing of juvenile salmon 
related to flow dynamics at this junction, which 
provides information critical to understanding 
fish entrainment patterns.

METHODS
Study Area
Sutter Slough diverges from the Sacramento 
River 40 river km downstream of the city of 
Sacramento, and Steamboat Slough is located 
2.5 km downstream of Sutter Slough (Figure 1). 
Tidal flow dynamics at this junction are complex 
when river inflow to the Delta is sufficiently low 
(flow at Freeport is less than 210 m3 s–1) to cause 
reverse flows in Sutter Slough, Steamboat Slough, 

and the Sacramento River below Steamboat 
Slough. During the transition from the ebb to 
flood tide, Steamboat Slough reverses and flows 
upstream into the Sacramento River. As the ebb-
to-flood transition continues, the Sacramento 
River begins to reverse, and finally, flow in 
Sutter Slough begins to reverse. Conversely, on 
the flood-to-ebb transition, these channels cease 
flow reversals in the opposite order; that is, flow 
reversals stop first in Sutter Slough, followed by 
the Sacramento River and Steamboat Slough (See 
Appendix A on page 15 to view a static image 
and access an animation of flow dynamics). 
In general, when flow at Freeport is between 
12 and 407 m3 s–1 and flow below Steamboat 
Slough in the Sacramento River is between 0 and 
224 m3 s–1, Steamboat Slough can reverse into 
the Sacramento River while both the Sacramento 
River and Sutter Slough maintain downstream 
flows. Tidal dynamics dictate the strength and 
duration of reversals. Finally, at high inflow (flow 
greater than 200 m3 s–1 at Freeport) tidal forcing 
is dampened, and reverse flows cease altogether 
(Appendix A).

Fish Tagging
The study used juvenile late-fall run Chinook 
Salmon (Oncorhynchus tshawytscha) reared at the 
US Fish and Wildlife Service (USFWS) Coleman 
National Fish Hatchery located in Anderson, 
California, US Chinook Salmon were tagged 
and released at the Tower Bridge in the city of 
Sacramento. We used two types of acoustic tags 
in the study: the model 900-LD (HTI, Seattle, 
Washington, US) acoustic transmitters that had a 
dry weight of 0.96 grams, and the V5 (VEMCO, 
Bedford, Nova Scotia, Canada) acoustic transmitter 
that had a dry weight of 0.65 grams. We selected 
juvenile Chinook Salmon within the size range of 
105 to 213 mm fork length (approximately 20 to 
40 grams) for tagging. Fish handling, holding, and 
tag implantation procedures followed the protocols 
outlined in Liedtke and Wargo–Rub (2012) and 
Liedtke et al. (2012). We released fish in groups of 
8 to 13 individuals every 3 hours from March 1, 
2014 to April 15, 2014, for a total release of 4,635 
tagged fish. 

https://doi.org/10.15447/sfews.2021v19iss2art4
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Figure 1  The Sacramento–San Joaquin Delta showing the junction of Sutter and Steamboat sloughs with the Sacramento River 
(black box), the junction of the Delta Cross Channel and Georgiana Slough with the Sacramento River (asterisk), and the interior 
Delta (the gray region south of the Sacramento River). The inset map shows the three routes that compose the junction of the 
Sacramento River with Sutter and Steamboat sloughs. Blue indicates the Sacramento River, green indicates Steamboat Slough, 
and dark gray indicates Sutter Slough. Red triangles indicate the locations of the telemetry equipment used to determine fish route 
selection, and the black points indicate the location of the temporary flow stations. Georgiana Slough and the Delta Cross Channel 
are identified in red. (NAD1983)
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Data Collection
We collected telemetry data from acoustically 
tagged juvenile Chinook Salmon moving into and 
past Sutter Slough and Steamboat Slough during 
the spring of 2014. Since two tag types were used, 
we placed both HTI and VEMCO equipment at the 
junction. We used six hydrophones (HTI Model 
590) coupled with receivers (HTI Model 290) and 
six VEMCO VR2W receivers (180 kHz) to monitor 
fish entrainment in the study area. We placed 
hydrophones (HTI) and receivers (VEMCO) within 
each of the three possible routes (Sutter Slough, 
Steamboat Slough, and Sacramento River), just 
far enough downstream to prevent the detection 
range of receivers to overlap with unintended 
routes. 

We measured discharge at the junction by six 
temporary flow stations. Three were located 
near Sutter Slough (above, inside, and below), 
and three were located near Steamboat Slough 
(above, inside and below; Figure 1). We deployed 
Side-Looker Acoustic Doppler Current Profilers 
(SL-ADCPs) near the water surface, to measure 
near-surface water velocities. We developed 
stage-area and index velocity ratings from down-
looking ADCP measurements that occurred over 
one tidal cycle. We used these ratings to estimate 
a time-series of discharge using the index–
velocity method (Ruhl and Simpson 2005). The 
flow stations provided a detailed time-series of 
15-minute discharge data to quantify the flow 
dynamics when each tagged fish passed through 
the river junction. 

Route Entrainment Analysis
Route entrainment—the probability that a fish 
enters one of the three alternative migration 
routes (Sutter Slough, Steamboat Slough, 
Sacramento River)—was modeled as a multivariate 
Bernoulli random variable with the probability 
distribution  

	 	 (1)

where
i,SUT = probability the ith fish (i = 1, …, n) 

entered Sutter Slough,

i,STM = probability the ith fish entered 
Steamboat Slough,

i,SAC = 1 –  iSUT  –  iSTM = probability the ith fish 
remained in the Sacramento River, and

yij =
 

{

	 1 if the ith fish used the jth route  
	   ( j = {SUT, STM, SAC}) 
		    0, otherwise.

To model route entrainment probabilities as a 
function of explanatory variables, we used a 
generalized linear model’s framework with a logit 
link function measured relative to a baseline 
category, following the methods of Perry et al. 
(2015). We used the Sacramento River route (SAC) 
as the baseline category: 

	 (2)

where xijp is the pth covariate for the ith fish 
entering the jth route ( j = SUT or STM) and 
jp is the slope coefficient for the jth route and 
pth covariate. 

Route entrainment probabilities were expressed 
as a function of covariates using the inverse 
logit function. The likelihood function to be 
maximized is the product of Equation 2 over all 
fish (Agresti 2002). This formulation allows  

i,SUT and i,STM to be modeled by a separate set of 
explanatory variables. The regression coefficients 
were estimated by maximum likelihood 
estimation using optimization routines in R (R 
Core Team 2021).

We considered the following variables as possible 
covariates in the model: 

•	 day of the year that fish passed the junction  
(JDay :  mean = 81.5, SD = 13.2), 

•	 time of day (D: day = 1 or night = 0 as defined 
by time of sunset and sunrise), 

https://doi.org/10.15447/sfews.2021v19iss2art4
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•	 tide phase (Tide: flood = 0 or ebb = 1), 

•	 discharge entering Steamboat Slough (QSTM: 
mean = 77 m3 s–1, SD = 46 m3 s–1), Sutter Slough 
(QSUT: mean = 91 m3 s–1, SD = 36 m3 s–1), or the 
Sacramento River below Steamboat Slough 
(QSAC: mean = 170 m3 s–1, SD = 143 m3 s–1), 

•	 change in discharge from time t–1 to t in 
Steamboat Slough ( QSTM, mean = –2.0 m3 s–1, 
SD = 11.6 m3 s–1) or Sutter Slough ( QSUT, 
mean = –2.6 m3 s–1, SD = 15.9 m3 s–1), 

•	 proportion of discharge entering Steamboat 
Slough (PSTM: mean = 0.165, SD = 0.059), Sutter 
Slough (PSUT: mean = 0.213, SD = 0.072), or the 
Sacramento River below Steamboat Slough 
(PSAC: mean = 0.623, SD = 0.066).

To characterize the hydrodynamic conditions 
when each fish passed through the river junction, 
we associated the time of first detection within 
each route with the nearest 15-minute flow 
record. However, we excluded fish that arrived 
at the junction from an upstream location when 
flows were reversing from the analysis (n = 127, 
3.6% of fish detected in the junction). Arrival 
under such conditions indicated that the tag 
was likely in a predator such as Striped Bass 
(Morone saxatilis; Romine et al. 2016). We verified 
all route assignments using information from 
downstream receivers (Perry et al. 2018).

Reversing tidal flows at this junction complicate 
calculation of the proportion of flow that entered 

each channel. When all three channels had 
downstream flow, we calculated the proportion 
of flow that entered each route simply as the 
discharge (Qj ) entering route j divided by the sum 
of the discharge in each channel just downstream 
of the junction (QSUT, QSTM, QSAC; Table 1). 
When discharge was negative in a given route, 
indicating upstream flow, the proportion of flow 
that entered that route was set to zero. Thus, the 
proportion of flow that enters each route is more 
accurately characterized as the proportion of total 
outflow that enters each route.

Because some flow metrics are inherently 
correlated (e.g., flow proportions), not all possible 
explanatory variables can be included within the 
same model. Therefore, to identify explanatory 
variables that best predict migration routing, 
we identified a full model that consisted of flow 
metrics with correlations that led to low variance 
inflation factors (VIF). The full model was formed 
by a set of variables that had VIF values < 5 (Zuur 
et al. 2009), excluding variables from the model 
if they increased VIF values to > 5. This criterion 
led to inclusion of day of year (JDay), time of day 
(D), Tidal stage (Tide), PSAC,  

QSTM, and QSUT in the linear predictors of both 
πi,SUT and πi,STM. In addition, QSTM and PSTM was 
included in the linear predictor of i,STM, and QSUT 
and PSUT was included in the linear predictor of  

i,SUT.

Although fish routing is influenced by fine-
scale hydrodynamic conditions that result from 
flows entering each channel, the complexity 

Table 1  Proportion of flow entering each route was calculated using the equations shown for the corresponding conditions. 
Negative indicates reversing or upstream flow, and positive indicates downstream flow.

QSUT QSTM QSAC Sutter Proportion Steamboat Proportion Sacramento Proportion

+ + + QSUT /( QSUT + QSTM + QSAC) QSTM /( QSUT + QSTM + QSAC) QSAC /( QSUT + QSTM + QSAC)

+ – – 1 0 0

+ – + QSUT /( QSUT + QSAC) 0 QSAC /( QSUT + QSAC)

– – – 0 0 0

– + + 0 QSTM /( QSTM + QSAC) QSAC /( QSTM + QSAC)

– + – 0 1 0

– – + 0 0 1
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of the tidal dynamics at this junction made it 
difficult for us to construct an a priori suite of 
reduced candidate models from the full model. 
Therefore, we used a two-stage model selection 
process based on Akaike’s Information Criterion 
(AIC) to identify the model structure that best 
predicted migration routing. In the first stage, we 
fit all possible main-effects models for one route 
(256 possible models for each route), holding the 
model structure for the other route fixed at the 
full model. Competing main-effects models were 
considered those within 2 AIC units of the lowest-
AIC model (Burnham and Anderson 2002). We 
selected the “best” model among the competing 
models as the lowest AIC model with the fewest 
predictors, which did not always coincide with 
the overall lowest-AIC model. For the second 
stage, we constructed a model that included all 
main effects retained in the best fit model plus 
all possible two-way interactions, ran all possible 
models containing the two-way interactions, 
and selected the best-fitting model using the 
same process described above. All continuous 
explanatory variables used in the regression 
model were standardized by subtracting the mean 
from each observation and then dividing by the 
standard deviation. 

We assessed goodness of fit both graphically 
and statistically. We used the Hosmer–Lemeshow 
goodness-of-fit test to evaluate how well 
predicted entrainment probabilities fit observed 
proportions (Hosmer and Lemeshow 2000). For 
this test, we ordered predicted entrainment 
probabilities by rank and divided them into 
deciles. We then compared mean predicted 
entrainment probability against the observed 
proportion within each decile. LOESS [locally 
estimated scatterplot smoothing] curves were 
fit to observed entrainment data to compare 
predicted and observed values (Cleveland et al. 
1992). 

RESULTS
Of the 4,635 fish tagged and released, we 
included the 3,418 individuals that transited the 
junction in the analysis. The majority of the fish 
remained in the Sacramento River (n = 2,510) 

and approximately equal numbers moved into 
Sutter Slough (n = 480, 14%) and Steamboat 
Slough (n = 428, 13%). There was no difference 
in proportion of tag types that arrived at the 
junction.

Model selection for main effects models resulted 
in 16 competing models for Sutter Slough and 
five competing models for Steamboat Slough 
(Table 1). For Sutter Slough, we selected the model 
with both QSUT and PSUT , which was the lowest-
AIC model and had the fewest parameters among 
competing models. For Steamboat Slough, we 
selected the model with QSTM, PSTM, and ΔQSUT, 
which had the fewest variables among competing 
models but the second-lowest AIC (Table 2). For 
the second stage of model selection, we formed 
16 alternative models from the four possible two-
way interactions, which yielded three competing 
models within 2 AIC of the lowest-AIC model. 
These competing models contained two to four 
interaction terms, and were favored considerably 
over the main effects model without interactions 
(AIC = 5105.06, ΔAIC = 10.15; Table 3). We selected 
the simplest of these models for inference, which 
included one interaction term for each route 
and was the second-ranked AIC model (Table 4). 
Although variables such as day of year, tidal 
stage, and diel period appeared in some of the 
competing models, discharge and the proportion 
of flow that entered both Steamboat and Sutter 
sloughs appeared in almost every competing 
model, providing additional support for retaining 
these variables (Table 2). 

Model fit diagnostics showed good model fit 
to data, with no systematic deviations between 
observed and predicted entrainment proportions 
(Figure 2). In addition, Hosmer–Lemeshow 
goodness-of-fit tests for each route were not 
significant (SUT: Ĉ = 22.99, df = 18, P = 0.191; STM: 
Ĉ = 19.53, df = 18, P = 0.360; SAC: Ĉ  = 15.28, df = 17, 
P = 0.575).

LOESS curves fitted to the observed binary 
routing data agreed with predicted probabilities 
for each individual, indicating that the model 
performed well at predicting the probabilities of 
route entrainment under the conditions each fish 

https://doi.org/10.15447/sfews.2021v19iss2art4
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Table 2  Main-effects model selection results for probability of entrainment at the junction of the Sacramento River with Sutter 
and Steamboat sloughs, showing all competing models within 2 AIC of the lowest AIC model. Model selection for each route 
was performed using the full main-effects model for the other route. (* = indicates model selected, NLL = negative log-likelihood, 
AIC = Akaike’s information criterion). 

Response Model
Number of 
parameters NLL AIC ΔAIC

πSUT *QSUT + PSUT 12 2543.20 5110.4 0.00

QSUT + PSUT + ΔQSTM 13 2542.29 5110.58 0.18

QSUT + PSUT + PSAC 13 2542.31 5110.62 0.22

QSUT + PSUT + Tide 13 2542.70 5111.4 1.00

QSUT + PSUT + ΔQSUT + ΔQSTM 14 2541.78 5111.56 1.16

QSUT + PSUT + D + PSAC 14 2541.86 5111.72 1.32

QSUT + PSUT + D 13 2542.87 5111.74 1.34

QSUT + PSUT + ΔQSTM + D 14 2541.88 5111.76 1.36

QSUT + PSUT + ΔQSUT + PSAC 14 2541.94 5111.88 1.48

QSUT + PSAC + ΔQSUT 13 2542.97 5111.94 1.54

PSAC + Jday 12 2544.00 5112 1.60

QSUT + PSUT + ΔQSTM + PSAC 14 2542.09 5112.18 1.78

QSUT + PSUT + Jday + PSAC 14 2542.09 5112.18 1.78

QSUT + PSUT + Jday 13 2543.14 5112.28 1.88

QSUT + PSAC 12 2544.18 5112.36 1.96

QSUT + PSUT + ΔQSUT 13 2543.18 5112.36 1.96

πSTM QSTM + PSTM + ΔQSUT + Tide 14 2541.26 5110.52 0.00

*QSTM + PSTM + ΔQSUT 13 2542.75 5111.5 0.98

QSTM + PSTM + Jday + ΔQSUT + Tide 15 2541.11 5112.22 1.70

QSTM + PSTM + ΔQSUT + D + Tide 15 2541.18 5112.36 1.84

QSTM + ΔQSUT + ΔQS + Tide + PSTM 15 2541.22 5112.44 1.92

Table 3  Model selection results assessing interaction terms for probability of entrainment at the junction of the Sacramento River 
with Sutter and Steamboat sloughs, showing all competing models within 2 AIC of the lowest AIC model. Model selection was 
performed for all possible models containing two-way interactions among the main effects terms. Model 2 was the final selected 
model (NLL = negative log-likelihood, AIC = Akaike’s information criterion). 

Model
Number of 
parameters NLL AIC ΔAIC

1
πSUT ~ QSUT + PSUT + QSUT*PSUT

10 2537.44 5094.88 0.00
πSTM ~ QSTM + ΔQSUT + PSTM + QSTM*PSTM + PSTM*ΔQSUT

2
πSUT ~ QSUT + PSUT + QSUT*PSUT

9 2539.12 5096.24 1.36
πSTM ~ QSTM + ΔQSUT + PSTM + QSTM*PSTM

3
πSUT ~ QSUT + PSUT + QSUT*PSUT

11 2537.42 5096.84 1.96
πSTM ~ QSTM + ΔQSUT + PSTM + QSTM*ΔQSUT + QSTM*PSTM + PSTM*ΔQSUT
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experienced (Figures 3 and 4). As discharge in 
the main stem of the Sacramento River increases, 
probability of entrainment into each of the 
Sutter and Steamboat sloughs increases. Given 
the linear relationship between discharge in the 
Sacramento River and discharge in Sutter Slough 
and Steamboat Slough, it follows that probability 
of entrainment into both channels increases 
as discharge within each channel increases 
(Figure 3). The relationship between proportion 
of flow that enters a route and the probability 
of being entrained in that route was positive 
(Figure 4). As proportion of flow increased in 
Sutter Slough, entrainment increased, while 
entrainment in the other two routes decreased.

When entrainment was predicted across varying 
flows, emergent patterns revealed brief periods 
when entrainment into Sutter and Steamboat 
sloughs is very high. This pattern occurs when 
tide stage transitioned either from positive to 
negative flow, or from negative to positive flow 
(Figures 5 and 6). 

DISCUSSION
The proportion of fish that enters different 
channels in the Delta has been measured by 
numerous studies, beginning with the pioneering 
work of Erkkila et al. (1950). However, it is 
important to recognize that each study estimates 
entrainment over different time-periods, yielding 

Table 4  Maximum likelihood estimates for the best fit model 
relating route probabilities to covariates

Response Variable Estimate (SE)

πSTM Intercept – 1.624 (0.509)

QSTM 1.077 (0.335)

PSTM – 0.728 (2.724)

ΔQSUT 0.159 (0.061)

QSTM ⋅ PSTM – 4.108 (1.767)

πSTM Intercept – 0.964 (0.544)

QSUT 0.814 (0.247)

PSUT – 3.650 (2.668)

QSUT ⋅ PSUT – 3.028 (1.174)

Figure 2  Comparison of observed proportion of fish entrained 
to each route, and predicted mean probability of entrainment 
to each route within each decile. The line in each plot has 
a slope of 1 and an intercept of 0. Points falling on this line 
indicate perfect agreement between predicted and observed 
entrainment rates.

https://doi.org/10.15447/sfews.2021v19iss2art4
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Figure 3  Predicted route entrainment for each fish in each route (circles) as a function of discharge in Steamboat Slough (left 
panels) and Sutter Slough (right panels). The rug plots indicate the observed entrainment for each fish (0 or 1) and lines are LOESS 
curves fitted to these data. Sac = Sacramento River, Stm = Steamboat Slough, Sut = Sutter Slough, Q = discharge, p = entrainment 
probability.
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Figure 4  Predicted route entrainment for each fish in each route (circles) as a function of proportion of discharge entering 
Sutter Slough and Steamboat Slough. The rug plots indicate the observed entrainment for each fish (0 or 1) and lines are LOESS 
curves fitted to these data. Sac = Sacramento River, Stm = Steamboat Slough, Sut = Sutter Slough, P = proportion of discharge, 
p = entrainment probability.

https://doi.org/10.15447/sfews.2021v19iss2art4
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Figure 5  Discharge during the study period (top panel) and 
predicted route entrainment probabilities for Sutter Slough 
(SUT), Steamboat Slough (STM) and Sacramento River (solid 
lines in lower panels). The figure depicts a period of very low 
flow between May 15 and May 17, 2014. The gray dashed 
line indicates the proportion of flow entering the route. 
Sac = Sacramento River, Stm = Steamboat Slough, Sut = Sutter 
Slough, p = entrainment probability.

Figure 6  Discharge during the study period (top panel) and 
model predicted route entrainment probabilities for Sutter 
Slough (SUT), Steamboat Slough (STM) and Sacramento 
River (solid line in lower panels). The figure depicts a period 
of median flow between April 27 and April 29, 2014. The gray 
dashed line indicates the proportion of flow entering the route. 
Sac = Sacramento River, Stm = Steamboat Slough, Sut = Sutter 
Slough, p = entrainment probability.
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different types of inferences about the effect of 
flow variation on fish routing, and the potential 
consequences of management actions. At the 
coarsest scale, release-specific (Perry et al. 2010, 
2013; Cavallo et al. 2015) or season-wide (Erkkila 
et al. 1950) estimates represent fish entrainment 
and flow conditions averaged over multiple days, 
weeks, or months. These types of entrainment 
estimates have supported the general hypothesis 
that fish enter migration routes in proportion to 
flow. Entrainment estimates at the daily scale 
provide finer-level information about the effect of 
net flows on routing, and represent the expected 
proportion of fish entrained over a given day. 
Perry et al. (2018) used daily flow covariates 
to show that the entrainment into Sutter and 
Steamboat sloughs increased—but entrainment 
into Georgiana Slough decreased—as tidally 
averaged flow of the Sacramento River increased.

Although entrainment estimates at daily-to-
seasonal temporal scales provide insights into 
general flow and routing relationships, individual 
fish pass river junctions over much shorter 
time-scales (on the order of minutes), and thus 
are influenced by the particular hydrodynamic 
conditions that occur when they encounter a 
channel divergence. At these time-scales, tidal 
river dynamics can be the dominant factor that 
determines the hydrodynamic conditions an 
individual experiences, particularly under low 
riverine inflows when tidally reversing flows 
occur. For example, Perry et al. (2015) found 
that the probability of fish entering Georgiana 
Slough increased considerably during reverse-
flow flood tides, and they identified reverse 
flows as the primary mechanism that caused the 
inverse relationship between daily entrainment 
and net river flow. Thus, quantifying factors that 
affect routing at tidal time-scales in the Delta 
is critically important to bridge temporal scales 
and understand how within-day patterns of 
entrainment give rise to entrainment integrated 
over the daily or seasonal scales that are more 
relevant to population dynamics.

Our results illustrate that the tidal hydrodynamics 
at this junction are complex, and result in 
unexpected and temporally variable patterns 

Figure 7  Discharge during the study period (top panel) and 
model predicted route entrainment probabilities for Sutter 
Slough (SUT), Steamboat Slough (STM) and Sacramento River 
(solid line in lower panels). The figure depicts a period of high 
flow between March 6 and March 8, 2014. The gray dashed 
line indicates the proportion of flow entering the route. Sac 
= Sacramento River, Stm = Steamboat Slough, Sut = Sutter 
Slough, p = entrainment probability.

https://doi.org/10.15447/sfews.2021v19iss2art4
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of fish entrainment when flow in the junction 
transitions from positive or downstream flow to 
upstream or negative flow (Figures 5 through 7). 
As Sacramento River discharge decreases and 
approaches negative flows, we observed a rapid 
spike in the probability of entrainment into Sutter 
Slough (Figures 5 and 6). This pattern is likely 
a result of the fact that flow in Sutter Slough 
becomes negative after Steamboat Slough and 
Sacramento River have reversed, thus increasing 
the proportion of flow into Sutter Slough—and 
therefore the likelihood that fish would be 
entrained into this channel up until the point 
at which flow reverses in Sutter Slough. On the 
ascending limb of the tide stage, the probability 
of fish being entrained into Steamboat Slough 
increases rapidly for a short period of time, which 
occurs as a result of Steamboat Slough changing 
from negative flows to positive flows before the 
other two routes in the junction. Given these 
observations, time of arrival at the junction has 
implications for overall entrainment. Fish that 
arrive at mid ebb and mid flood during low-
flow conditions experience a brief period of high 
entrainment into Sutter Slough and Steamboat 
Slough, respectively.

Although we identified brief periods of higher 
entrainment related to flood-tide transitions, the 
high probability of entrainment did not continue 
for the duration of the flood tide. This finding 
contrasts with that of Perry et al. (2015), who 
found that fish entrainment into Georgiana 
Slough increased significantly over the entire 
duration of reverse flows. Flow in Sutter Slough 
and Steamboat Slough regularly reverses at low 
inflows, whereas flows in Georgiana Slough and 
the DCC rarely reverse direction. Thus, fish that 
have been advected back up the Sacramento River 
during reverse flows would tend to remain in 
the Sacramento when flows are simultaneously 
reversing in Sutter and Steamboat sloughs. In 
contrast, under the same reverse flow conditions 
of the Sacramento River, fish can be forced into 
Georgiana Slough and the DCC (Perry et al. 2015). 
Our study highlights how factors such as channel 
geometry, inflow, and tidal forcing interact to 
produce site-specific hydrodynamic patterns that 
lead to different entrainment relationships. 

In general, we found that the proportion of fish 
remaining in the Sacramento River was greater 
than the proportion of flow remaining in the 
Sacramento River. The opposite pattern occurred 
for the Sutter and Steamboat sloughs, where there 
was a lower probability of fish entering each 
slough relative to the proportion of flow. This is 
consistent with the findings of Kemp et al. (2005), 
Perry et al. (2010), and Cavallo et al. (2015); each 
of these studies found a higher probability of 
fish remaining in the main channel relative to 
the proportion of flow. However, at high flows, 
the proportion of fish that entered Sutter Slough 
was similar to the proportion of flow that entered 
Steamboat Slough, indicating that the relationship 
between proportion of flow and proportion of 
fish that enter a channel can change with the 
magnitude of total discharge. 

This change in relationship between flow and 
fish routing is likely related to fish behavior. At 
higher water velocities, fish can do little to alter 
their location and actively select a route and are 
thus constrained by the parcel of water in which 
they are located, ultimately determining the route 
they enter (Perry et al. 2016; Hance et al. 2020). 
Below a threshold of approximately 50 m3 s–1 
(> 0.2 m3 s–1, ~ 1.4 body lengths per second), fish 
may be able to actively cross streamlines to 
influence their ultimate migration route. This 
process may explain the increased variation 
observed in Figure 3. As discharge drops below 
50 m3 s–1 (0.2 m3 s–1), fish entrainment becomes 
more variable with discharge. 

CONCLUSION
Our results provide insight into fish entrainment 
at Sutter and Steamboat sloughs, which may 
allow managers to consider engineering solutions 
to increase entrainment into these routes, and 
thus decrease the proportion of fish that enter the 
interior Delta (Perry et al. 2014). Although the 
relationship between flow and entrainment was 
not directly proportional, entrainment into the 
sloughs generally increased with an increasing 
proportion of flow. For managers, this means 
that as the proportion of flow entering the 
sloughs increases, the proportion of fish that are 
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exposed to routes leading to the interior Delta at 
downstream locations will decrease. Furthermore, 
by considering how tidal-scale entrainment 
patterns integrate over longer scales relevant to 
populations, managers can devise actions that 
maximize survival across a wide range of inflows 
and hydrodynamic conditions. 
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